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Abstract—Using the underlying idea of the current-mode
control, a new dynamical, sliding-mode control for the boost
dc-dc converter is proposed. Such controller is easy to design,
robust under load and input voltage variations, exhibits fast
response, does not depend on the load (although a knowledge of
the load range is necessary to tune the controller), requires only
voltage measurements, and can be easily implemented using
standard electronic components.

I. INTRODUCTION

Control of dc-dc converters is a twofold interesting prob-

lem. On the one hand, the efficiency, reduced size, low cost

and reliability of these devices make them suitable for many

applications. They are also circuits which a large number

of complex applications are based on. On the other hand,

dc-dc converters are discontinuous, nonlinear, nonminimum

phase systems, with a highly variable parameter (the load).

Motivated by these facts, there has been a continuous effort

to design control strategies to improve the performance of

power converters. As a result, a considerable number of

control schemes based on diverse tools has been proposed.

Methods that have been employed ranges from heuristic

approaches (see, for example [1], [2], [3]) to well mathe-

matically founded techniques recently proposed (see [4], [5],

[6], [7], [8], [9], [10]).

So far, proposed controllers based on nonlinear control

theory offer a good performance (see [5] and the references

therein for a detailed study and a comparison of some

nonlinear control strategies). However, most of them are

complex, assume that the load is known, or require non-

standard electronic circuitry to be implemented [5]. This lack

of simplicity in implementation makes difficult and expen-

sive to incorporate such control schemes in real applications.

As a result, linear techniques and current-mode control, are

still the most common tools for control design of dc-dc

converters [4]. However, performance of linear techniques is

limited. On the other hand, current-mode control has much

better performance but its design procedure is not as easy to

follow [2], [11].

This paper provides a new dynamical sliding-mode control

for the boost dc-dc converter that solves some of the prob-

lems above mentioned. The controller is robust under load
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and input voltage variations, has a fast response, requires

only voltage measurements, and can be easily implemented

using standard electronics components. Stability analysis is

made considering the nonlinear model of the converter.

The paper is organized as follows. In Section II discon-

tinuous models for the boost converter are presented. These

models are used in the following sections. In this section the

dc-dc conversion problem is also described. In Section III,

the controller is presented. Closed-loop stability is analyzed

in Section IV, where some useful expressions for design are

obtained. Implementation issues are discussed in Section V.

The comments presented in this section provide an easy to

follow design procedure. In Section VI simulations results

are presented. Conclusions are given in the last section.

II. THE DC-DC CONVERSION PROBLEM

A. The switched model

Figure 1 shows a simplified diagram of the boost converter.

The circuit objective is to keep a desired constant output

voltage regardless of the input voltage and load variations.

From the diagram, a linear model can be obtained for each

switch position. Combining both models into a single one

yields the following system,

L
d

dt
z1 = vin−uz2 (1a)

C
d

dt
z2 = − z2

R
+uz1 (1b)

where z1 and z2 are the inductor current and the capacitor

(output) voltage, respectively. u is a binary variable, u ∈
{0,1}, which defines the switch position and plays the role
of the control input. The inductor L, the capacitor C, and the

source voltage vin are suppose to be known constants. The

resistance R is unknown but is considered to be constant for

analysis purposes.

Fig. 1. Schematic diagram of the boost converter.
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B. Normalized model

Let us consider the coordinate change and time scaling,

x1(τ) =
1

vin
√

C/L
z1(t), x2(τ) =

1

vin
z2(t), t =

√
LCτ (2)

then model (1), is transformed to

ẋ1 = 1−ux2 (3a)

ẋ2 = − x2
Rn

+ux1 (3b)

where Rn =R
√

C/L;. Rn can be seen as a normalized load; it
is also known as the circuit quality factor. The dot operator

in equations (3) denotes the derivative with respect to the

new time τ .

C. Problem statement

Because control u (the switch position) is a binary variable

changing at a high frequency some variables of the boost

converter have discontinuous derivative. Therefore, it is con-

venient to establish the control objective and some other rela-

tionships in terms of average variables. From now on given a

function f (t) we regard its average as f̃ (t) = 1
T

∫ t
t−T f (s)ds,

where T is the switching period.

Before introducing the control goal it is convenient to

review some relevant facts about the boost converter. System

(1) is said to be in open loop if u is a pulse train independent

of system state, with period T and ũ = ū, where ū is
constant . It is possible to show that in this case the system

has an (average) asymptotically stable equilibrium point

(z̄1, z̄2) =
(

vin/(Rū2),vin/ū
)

. Hence, to obtain z̃2 = vre f in
stationary case, it is just necessary to set ū = vin/vre f in
open loop. Note that, since ū ∈ [0,1], then vre f ≥ vin. This
confirms the well known fact that the boost converter can

only amplify its input voltage.

Although the boost converter is open-loop stable its con-

vergence to an equilibrium point may be too slow for most

practical applications. Hence, the control objectives are to

increase speed of convergence and to make the system robust

under load and input voltage variations. Such objectives

are not easy to achieve because the circuit is a nonlinear,

nonminimum phase system with a highly-varying unknown

parameter. (see, for example, [5], [9] for a detailed analysis

of dynamical properties of the boost converter). Furthermore,

implementation of the controller must be simple enough to

keep overall circuit reliability.

The control objective can be established as follows: to

design a commutation policy for the switch u such that,

z̃2→ vre f , vre f > vin (4)

with a suitable convergence speed even under the presence

of load and input voltage variations.

To simplify the analysis, model (3) will be used in the

next sections. The control objective for this model is similar

to the previous one: to design a commutation policy for u

such that,

x̃2→ x∗2 (5)

where x∗2 = vre f /vin. Note that x
∗
2 > 1.

III. THE PROPOSED CONTROLLER

Given the system (3), we propose the dynamical sliding-

mode control:

u(τ) =

{

0 if σ(x,τ) < 0

1 if σ(x,τ) > 0
(6)

σ(x,τ) =
∫ τ

0
(1−u(s)x2(s))ds

+ kp (x2(τ)− x∗2)+ ki

∫ τ

0
(x2(s)− x∗2)ds (7)

The underlying idea of such control law is the same that

the one behind current-mode control [2]. To see this, note

that the first integral term of the sliding surface (7) is an

estimated value for the inductor current (see eq. (3a)). Indeed

this term and x1 only differ by the initial condition of x1. In

fact what the controller actually does is to make the inductor

current equal to the output of a linear function of the voltage

error. This is the main idea of current mode control, but

expressed as a sliding mode control. Having a well defined

mathematical expression for the controller will allow us to

formally prove the closed-loop stability of the system.

The controller (6-7) can also be seen as a variation of a

controller proposed in [12] using the technique called integral

state reconstruction, where the surface

σ =
∫ t

0
(1−u(s)x2(s)) ds−

x∗22
Rn

+ k
∫ t

0
(x2(s)− x∗2(s)) ds

(8)

is proposed. Note the similarity between (8) and (7). A

significant difference between both surfaces is that (7) does

not depend on the load.

The control law (6-7) can also be related to the first

sliding-mode control proposed for the boost converter. In [9]

it is proposed the sliding surface

σ = x1− x∗1; x∗1 =
x∗22
Rn

(9)

If in (9) x1 and x
∗
1 are replaced by

∫ t
0(1−u(s)x2(s))ds and

−kp (x2(τ)− x∗2)− ki
∫ τ
0 (x2(s)− x∗2)ds respectively, then the

controller (6-7) is obtained. That is, surface (7) can be seen

as (9) with a different way of assembling x1 and x
∗
1.

IV. STABILITY

In this section, stability of the controlled system is proved.

During the process useful relationships will be obtained. First

let us establish that the system eventually evolves in the

sliding surface independently of its initial condition.

Lemma 1: Let us consider system (3) with the control (6-

7). If

0< ki <
1

x∗2
, 0< ki−

kp

Rn
< 1 (10)

Then any trajectory of the system goes into a sliding move-

ment on σ(x,τ) = 0.



Proof: Consider the extended space Xe = (x1,x2,σ).
According to (7), the third state equation of the extended

system is

σ̇ = 1−ux2+ kp
(

ux1−
x2

Rn

)

+ ki (x2− x∗2) (11)

The proof is divided in two parts. First it will be shown that

there is a subset S of Xe where σσ̇ < 0 and 0 < ueq < 1
accomplish, that is a sliding mode can exist. Then, it will be

shown that any trajectory hits the surface σ = 0 within this
set.

Consider the two cases:

Case 1: σ < 0. In this case, u= 0 and σ̇ becomes

σ̇ =

(

ki−
kp

Rn

)

x2+(1− kix∗2) (12)

Hence, if σ < 0 then σ̇ > 0 in the set
{

x ∈ ℜ2|
(

ki−
kp

Rn

)

x2+(1− kix∗2) > 0

}

(13)

Case 2: σ > 0. In such a case, u= 1 and σ̇ becomes

σ̇ = (kpx1− x2)+

(

ki−
kp

Rn

)

x2+(1− kix∗2) (14)

Therefore, if σ > 0 then σ̇ < 0 in the set
{

x ∈ ℜ2| x2− kpx1 >

(

ki−
kp

Rn

)

x2+(1− kix∗2)
}

(15)

Combining both cases, σσ̇ < 0 in the intersection of sets
(13) and (15), that is, in the set

S =

{

x ∈ ℜ2| 0<

(

ki−
kp

Rn

)

x2+(1− kix∗2) < x2− kpx1
}

(16)

From (11) the equivalent control, (see [13]) results in

ueq =

(

ki− kp
Rn

)

x2+(1− kix∗2)
x2− kpx1

(17)

Note that, 0< ueq < 1 in the set S .
Since σσ̇ < 0 and 0 < ueq < 1 in the set S , a sliding

movement takes place when the system trajectory hits the

surface σ = 0 within this set.
It will be shown now that any system trajectory hits the

surface σ = 0 within the set S . Let us suppose that, at a

certain time, σ(x) < 0. In this case u = 0 and the system
equations are given by,

ẋ1 = 1 (18a)

ẋ2 = − x2
Rn

(18b)

then, x2→ 0, and from (11)
σ̇ → 1− kix∗2 (19)

Then, by conditions (10), σ(x) eventually increases, and goes
through zero hitting the surface. On the contrary, if σ(x) > 0
then u= 1 and the system equations are given by,

ẋ1 = 1− x2 (20a)

ẋ2 = − x2
Rn

+ x1 (20b)

therefore x→ (1/Rn,1), and,

σ̇ → ki (1− x∗2) (21)

Since x∗2> 1 then σ(x) eventually decreases and goes through
zero. That is, the trajectory also hits the surface in this

case. Hence, we can conclude that the trajectory reaches

the surface (7) from any point in (x1,x2) ∈ ℜ2. Besides, the

system trajectory moves towards the set S , independently

of the sign of σ . Therefore, any trajectory of the system hits
the surface σ(x) = 0 within the set S entering in an sliding

regime.

The set S defines the region on the plane (x1,x2) where
a sliding mode can exist. It can be rewritten as

S =

{

x ∈ ℜ2| x2 >−1− kix
∗
2

ki− kp
Rn

,x2 >
kpx1+1− kix∗2
1−

(

ki− kp
Rn

)

}

(22)

and it is the shaded area depicted in Figure 2.

According to equivalent control method [13], a model to

describe the system trajectory when it evolves on the sliding

surface can be found by substituting u by ueq in (3). Hence,

on the sliding surface the trajectory is governed by

ẋ1 =
−kp

(

x1− x22
Rn

)

− kix2 (x2− x∗2)
x2− kpx1

(23a)

ẋ2 =

(

x1− x22
Rn

)

+ kix1 (x2− x∗2)
x2− kpx1

(23b)

(1/Rn, 1)

x1

x2

x2 = x2a

x2 = x2b

A
x∗ x2 =

kpx1+1−kix
∗

2

1−(ki−kp/Rn)

x2 =
1−kix

∗

2

ki−kp/Rn

Fig. 2. Zone where the sliding movement can exist.

Remark 1: Lemma 1 does not assert that if the system

trajectory goes into the sliding mode on the surface σ = 0
then it remains there. The trajectory could leave the sliding

mode, but if this happens, it eventually returns to the surface.

Furthermore, the trajectory can only leave the sliding surface

towards the σ > 0 (u= 1) side. This can be shown by making
ueq→ 0, that is, x2→−(1−kix∗2)/(ki−kp/Rn) in (23) which
results in,

ẋ1→ 1, ẋ2→
1− kix∗2

Rn

(

ki− kp
Rn

) (24)

Hence, when ueq→ 0, the trajectory moves towards the set
S and the system cannot leave the sliding mode towards

the σ < 0 (u = 0) side. With reference to Figure 2, the
previous argument means that if the system is on a sliding



regime, a trajectory cannot leave the sliding mode crossing

the horizontal line x2→−(1− kix∗2)/(ki− kp/Rn).
Theorem 1: If condition (10) holds then the point

xd = (x∗22 /Rn,x
∗
2) is an asymptotically stable equilibrium

point of the system (3) controlled by (6-7).

Proof: When the trajectory is on the sliding regime,

the system is governed by (23). Let the function,

V (x) =
1

2
(e21+ e

2
2) (25)

where

e1 = x1−
x∗
2

2

Rn
, e2 = x2− x∗2 (26)

be a Lyapunov function candidate. The derivative of V (x)
along the trajectory of the system when it evolves on the

sliding surface can be written as,

V̇ (x) = −
(

ae21+be1e2+ ce
2
2

)

x2− kpx1
(27)

with

a= kp, b= − kp
Rn

(x2+ x
∗
2)− (1− kix∗2) , c=

x2+ x
∗
2− kix∗

2

2

Rn
(28)

From (16), x2− kpx1 > 0 in the set S , hence, for V̇ (x)
to be negative in the set S ,

(

ae21+be1e2+ ce
2
2

)

must be

positive, which is assured in the region where 4ac−b2 > 0
holds. That is, in the region,

k2p

R2n
x22−

2kp

Rn

(

1+ kix
∗
2−
kpx

∗
2

Rn

)

x2+

(1− kix∗2)2+
kpx

∗
2

Rn

(

kpx
∗
2

Rn
−2(1− kix∗2)

)

< 0 (29)

Inequality (29) is accomplished in the set,

U = {x : x2a < x2 < x2b} (30)

where x2a and x2b are given by

x2a =
Rn

kp

(

1− x∗2(ki−
kp

Rn
)

)

−2Rn

√

kix
∗
2

(

1− kp
Rn
x∗2

)

(31)

x2b =
Rn

kp

(

1− x∗2(ki−
kp

Rn
)

)

+2Rn

√

kix
∗
2

(

1− kp
Rn
x∗2

)

(32)

Note that condition (10) implies x2a and x2b are real.

Since V̇ (x) is negative in the set

N = {x ∈ ℜ2|x ∈ U ∩S } (33)

which contains x∗, then x∗ is an asymptotically stable equi-
librium point.

Furthermore, let us define the following set,

A =V (x) < r (34)

where r is the largest number such that A ⊂ N . If the

system trajectory hits the sliding surface within the set A

then the trajectory remains on the sliding surface thereafter

and tends asymptotically to the point x∗ [14].

Remark 2: If the trajectory hits the sliding surface on a

point not belonging to A but in N , the trajectory still

converges to the point xd but could leave the sliding mode

before reaching the set A . If the trajectory leaves the sliding

surface, it will return (see Remark 1). Furthermore, when

the trajectory leaves the sliding surface, u= 1, then the next
time it hits the surface it will be closer to the point (1/Rn,1).
Hence, if (1/Rn,1) ∈ A then the trajectory eventually hits

the sliding surface within the set A . Summing up, the setN

is a region of attraction of xd provided that (1/Rn,1) ∈ A .

The sets introduced in the stability proof are depicted in

Figure 2. As it will be shown in Section VI, the setN covers

a significant part of the first quadrant of the (x1,x2) plane
for practical examples.

V. IMPLEMENTATION ISSUES

Due to its reduced number of parameters, the normalized

model can also be useful to select control parameters. Hence,

to tune control parameters for a given boost converter it is

convenient to obtain its normalized model. Since the worst

case in terms of stability happens when Rn is small, the

normalized model should be obtained using the minimum

expected load.

Having the normalized model, control parameters can be

set as follows. First, set kp = 0 and then adjust ki to get
an adequate overshoot. In view of conditions (10), ki =
(1/3)(1/x∗2) is a good starting value. Then increase kp until a
desirable performance is obtained. In this step readjust of ki
might be necessary. During this procedure keep on mind that

conditions (10) must hold to guarantee closed-loop stability.

Once normalized control parameters are selected, the non-

normalized expression for the controller can be obtained by

reversing transformation (2). This results in the following

control law for system (1)

u(t) =

{

0 if σ(x, t) < 0

1 if σ(x, t) > 0
(35)

σ(z, t) =

(

1

vin
√
LC

)[

∫ t

0
(vin−u(s)z2(s))ds

+
√
LCkp

(

z2(s)− vre f
)

+ ki

∫ t

0

(

z2(s)− vre f
)

ds

]

(36)

The right-hand side (rhs) of (36) can be scaled without

modifying the sliding surface and consequently, without

modifying overall closed-loop system performance. Multi-

plying (rhs) of (36) times Gvin
√
LC, results in

σ(z, t) = G
∫ t

0
(vin−u(s)z2(s))ds

+G
√
LCkp

(

z2(t)− vre f
)

+Gki

∫ t

0

(

z2(s)− vre f
)

ds (37)

where G is an arbitrary constant. Introduction of G allows

us to scale measures to keep control signals manageable.

A constant switching frequency is achieved for the con-

troller (35),(37) if a hysteresis loop is introduced in (35)

(see Figure 3). Such hysteresis loop creates a boundary layer



preventing the switch changes of position while |σ | < h/2
[13]. That is h= ∆σ , where ∆σ is the width of the boundary
layer.

Fig. 3. A hysteresis loop introduces a boundary layer limiting the switching
frequency.

A relationship between h and the switching period can be

obtained. To this end, note that when z̃2 = vre f (stationary
case) then from (37), σ̇ = G(vin− uz2) = GLż1. Hence h =
GL∆z1, where ∆z1 is the current ripple. Furthermore, from

(1a)

ż1 ≈
vin

L
−uvre f (38)

From (38) and with reference to Figure 4 when u= 0 (that
is when t ∈ (kT,KT + t1]) then z1 ≈ vin

L
(t− kT )+ z1l thus

∆z1 = |z(kT + t1)− z(kT )| ≈ vin
L
t1) (39)

On the other hand when u= 1 (that is when t ∈ (kT+t1,(k+

1)T ]) then z1 ≈ vin−vre f
L

(t− (kT + t1))+ z1u, hence

∆z1 = |z(kT +T )− z(kT + t1)| ≈
vre f − vin
L

(T − t1) (40)

From (39) and (40) results,

T ≈ vre f

vin
(

vre f − vin
)L∆z1 ≈

vre f

vin
(

vre f − vin
)

h

G
(41)

Fig. 4. Close view of the current ripple.

Figure 5 shows a block diagram of the controlled system.

Boost

Converter

+
+

+
−

+
+
hysteresis

+−

∫

KP

ki

u

G

z2 − z∗2 z2

vin

KP = G
√

LCkp

σ

z∗2

z2 1 − uz2

z2

Fig. 5. Block diagram of the controlled converter.

VI. SIMULATION RESULTS

To illustrate the performance of the proposed controller,

it will be applied to a boost converter with the following

parameters: L = 0.36mH, C = 28.2µF, vin = 48V, and a
minimum load of 48Ω. The output voltage to be regulated

is 96V, so the duty cycle of u in stationary state should be

50%.

The normalized load of this converter results in Rn =
13.43. Following the procedure described in the previous sec-
tion, ki = 0.1 and kp = 0.5 were found to be appropriate for
controlling the normalized model. For simulation purposes

we set G = 1. Relation (41) can be used to calculate h in
order to get a switching frequency of 30KHz. This results in

h= 0.0016.
Figure 6 and 7 show the performance of the controller

compared against two controllers which are representative of

nonlinear controllers proposed recently. In Figure 6 control

(35,37) is compared with the average passivity-based control

law proposed in [10] given by

˙̃u=
ũ

C (vin+(z̃1− z1dR1))
(

ũ2z1d−
vin+(z1− z1d)R1

R
− R1C
L

(vin− ũz2)
)

(42)

where z1d =
v2re f
Rvin
and R1 > 0 is a control design parameter.

In Figure 7 comparison is made against the average control

law

ũ=
1

vre f

(

z̃2

vre f

)α

; 0< α < 1 (43)

proposed in [8].

To examine the performance of controllers under load

variations sudden changes of the load were introduced in

simulations. At t = 5mS the load is changed from 48Ω to
24Ω. And a t = 10mS the load is changed again from 24Ω
to 96Ω.

It can be seen from Figure 6 that the settling time of

the controller we propose is as fast as the one obtained by

(42). However the controller proposed here rapidly restore

the output voltage to its desired value whereas the controller

(42) can not compensate the load changes.

The nonlinear control law (43) is easy to implement and

robust under load variation. However, as Figure 7 shows, its

settling time is far more slow than the one proposed here.

We must point out that in simulations of Figures 6 and 7

the controller parameters kp and ki were chosen to keep small

the output voltage variation under load changes. However

if the maximum current is a concern, more conservative

controller parameters may be used.

VII. CONCLUSIONS

The key idea of current-mode control has been employed

to design a new dynamical sliding-mode control. The pro-

posed controller has some properties that made current mode

control so popular as fast settling time, robustness under



z2 (V)

z1 (A)

t (mS)

1614121086420

120

100

80

60

40

20

0

Fig. 6. Performance of the controller proposed.
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Fig. 7. Comparison with another nonlinear robust controller.

load and input voltage variations and easy implementation. In

addition, the controller proposed have a precise mathematical

definition which allowed us to carry out a stability analysis.

Some expressions found in the stability analysis lead us to

set out an easy to follow design procedure.

The controller performance was examined in simulation

and comparison with others nonlinear controllers was pre-

sented. Simulations showed the excellent robustness of the

controller under load and input voltage variations. A practical

implementation of the controller is being developed and its

results will be reported elsewhere.

A simulation to generate time-variable signals with this

controller has been performed obtaining good results. How-

ever, a further analysis is necessary to provide a solid

theoretical foundation for this application.
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